This article is available online at http://www.jlr.org and ovarian cancers, neuroblastoma, lymphoma, and leukemia. Many pieces of evidence indicate a link between HPR's antitumor effect and the metabolism of sphingolipids in tumor cells. As for many other anticancer drugs, the studies in tumor cell lines indicated that apoptosis is the major cytotoxic mechanism for HPR [even if the toxic effect of HPR is likely very complex and at least in part due to nonapoptotic mechanisms ( 2, 3 )], and HPR-induced apoptosis in cancer cells has been ascribed to the increased cellular levels of ceramide, a sphingolipid mediator playing multiple roles in apoptotic signaling, elicited by HPR ( 4 ). The main metabolic mechanism responsible for HPR-induced production of ceramide is represented by de novo synthesis. Exposure to HPR of human neuroblastoma ( 5 ) and prostate cancer cells ( 6 ) resulted in a time-and dose-dependent increase in the activity of serine palmitoyltansferase and (dihydro)ceramide synthase, which catalyze early steps in the biosynthesis of ceramide and derived sphingolipids ( 7 ), and the treatment of cultured cells with pharmacological inhibitors of these enzymes was able to block HPR-induced ceramide increase ( 5, 6, 8 ) . However, the effects of HPR on sphingolipid metabolism are probably much more complex and still poorly understood. For example, the possible role of sphingomyelin turnover due to the action of sphingomyelinases in the HPRelicited ceramide production is still controversial, and confl icting results have been reported ( 8, 9 ). In neuroblastoma 
Lipid extraction
Vehicle-and drug-treated cells were harvested and lyophilized, and cell lipids were extracted with chloroform/methanol 2:1 (v/v). The total lipid extract from each sample was subjected to a two-phase partitioning ( 10 ) , resulting in the separation of an aqueous phase containing gangliosides and an organic phase containing all other lipids. The organic phase was submitted to alkaline treatment followed by partitioning to remove glycerophospholipids, and the alkali-treated organic phase was used for MS analysis.
MS
MS analyses were carried out using a Thermo Quest Finnigan LCQDeca ion trap mass spectrometer (FINNIGAN MAT, San Jose, CA) equipped with an ESI ion source and an Xcalibur data system and a TSP P4000 quaternary pump HPLC. Separations of all total sphingolipids were obtained on a 5 m, 250 × 4mm LiChrospher 100 RP8 column (Merck).
Elution of sphingomyelin (SM) and Cer molecular species was carried out at a fl ow rate of 0.5 ml/min, with a gradient formed by the solvent system A, consisting of methanol/water (90:10 by vol), and solvent system B, consisting of methanol, both containing 5 mM ammonium acetate. The gradient elution program was as follows: 5 min with solvent A; 5 min with a linear gradient from 100% solvent A to 100% solvent B; 15 min with 100% solvent B; 5 min with a linear gradient from 100% solvent B to 100% methanol. Methanol was also used to wash the column for 10 min, followed by equilibration procedure with solvent A for 15 min.
Elution of ganglioside molecular species was carried out at a fl ow rate of 0.5 ml/min using a gradient formed by the solvent system A, consisting of CH 3 CN/5 mM ammonium acetate buffer, pH7 Elution of lactosylceramide molecular species was carried out at a fl ow rate of 1 ml/min, with a gradient formed by the solvent system A, consisting of methanol/water (90:10 by vol) containing 5 mM ammonium acetate, and solvent system B, consisting of methanol. The gradient elution program was as follows: 5 min with solvent A; 30 min with a linear gradient from 100% solvent A to 100% solvent B; 10 min with 100% solvent B.
Optimum conditions for SM and Cer molecular species MS analyses included sheath gas fl ow of 50 arbitrary units, spray voltage of 4 kV, capillary voltage of 47 V, capillary temperature of 260°C, and fragmentation voltage (used for collision-induced dissociation) of 40-60%. Mass spectra were acquired over a m/z range of 200-1000.
Optimum conditions for ganglioside molecular species MS analyses included sheath gas fl ow of 70 arbitrary units, auxiliary gas fl ow of 10 arbitrary units, spray voltage of 4 kV, capillary voltage of Ϫ 42 V, capillary temperature of 260°C, and fragmentation voltage (used for collision induced dissociation) of 40-80%. Mass spectra were acquired over a range of m/z 200-2,000.
Optimum conditions for lactosylceramide molecular species MS analyses included sheath gas fl ow of 50 arbitrary units, spray voltage of 5 kV, capillary voltage of Ϫ 15 V, capillary temperature of 260°C, and fragmentation voltage (used for collision induced dissociation) of 40-60%. Mass spectra were acquired over a m/z range of 200-1,500.
For all experiments, source ion optics were adjusted to accomplish desolvation of ions while minimizing fragmentation.
As internal standards, we used uncommon d18:1/17:0 sphingolipids (d18:1/17:0-Cer, d18:1/17:0-SM and d18:1/17:0-Laccells, HPR-induced ceramide production seems to be at least in part due to the activation of acidic sphingomyelinase, and a concomitant increase in the activity of glucosylceramide synthase and GD3 synthase with consequent accumulation of GD3, possibly responsible for HPR-induced apoptosis, was observed. Chronic treatment of human ovarian carcinoma cells with sublethal doses of HPR that led to the acquisition of a form of resistance to the drug was associated with a strong upregulation of GM3 synthase with consequent increased ganglioside levels ( 10 ) . Moreover, MS analysis of sphingolipids from HPR-treated human neuroblastoma, prostate, and breast cancer cells revealed that dihydroceramide, and not ceramide, is accumulated upon HPR treatment with a concomitant increase in sphinganine, sphinganine-1-phosphate, and complex dihydrosphingolipids (dihydrosphingomyelin and monoexosyldihydroceramides) ( 7, 11, 12 ) . The accumulation of dihydroceramides in HPR-treated cells is likely due to the increased de novo synthesis, mediated by the drug effect on serine palmitoyltansferase and/or (dihydro)ceramide synthase, with the concomitant inhibition of dihydroceramide desaturase, because the latter enzyme activity was strongly inhibited by HPR in intact cells and in a cell-free enzyme assay ( 7, 11 ) . This effect has been probably neglected in the past studies reporting on HPR-induced ceramide elevation that relied mainly on TLC analysis for the detection of ceramide, not allowing the separation of saturated and unsaturated ceramide species. This raises the question whether HPR cytotoxicity is really linked to its effect on ceramide synthesis; many papers suggest that dihydroceramides are inactive on the pathways modulated by ceramides, but it has recently been reported that dihydroceramides can induce autophagy in prostate cancer cells ( 7 ) and cell growth inhibition with cell cycle arrest at G 0 /G 1 in neuroblastoma cells ( 11 ) . These fi ndings emphasize the need for a better characterization of the effects of HPR on sphingolipid metabolism that imply the need for a wider application of lipidomics approaches.
MATERIALS AND METHODS

Materials
Commercial chemicals were the purest available. Sphingosine was prepared from cerebroside ( 13 ) . Lyso-sphingomyelin was from Sigma-Aldrich. Lactosylsphingosine and lyso-gangliosides were prepared from the corresponding glycolipid ( 14 ) . C17-sphingolipids were prepared by acylation of sphingosine or lysoderivatives using heptadecanoic anhydride ( 15 ). 4-HPR was from Sigma, St. Louis, MO. 4-oxo-4-HPR was synthesized as previously described ( 16 ) .
Cell cultures and cell treatments
A2780 human ovarian tumor cells ( 17 ) were cultured in RPMI 1640 (Sigma) supplemented with 10% of heat-inactivated FBS (GIBCO, Invitrogen, Carlsbad, CA), 2 mM glutamine, 100 units/ ml penicillin, and 100 g/ml streptomycin. Twenty-four hours after seeding, cells were treated with drugs for 48 h. 4-HPR and 4-oxo-4-HPR were dissolved at 10 mmol/L in DMSO and diluted to 10 mol/L in culture medium immediately before use. Control cells were incubated with culture medium containing the same amount of DMSO as treated cells (0.1%).
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15, and 20 min. Control experiments were carried out on lysed cells maintained for 30 min at 90°C. At the end of the incubation time, radioactive 3-ketosphinganine was purifi ed by partitioning the total lipid extract ( 19 ); radioactive 3-ketosphinganine was detected by TLC separation. Dihydroceramide desaturase activity was performed as described previously ( 18 ) . The fi nal reaction volume of 0.3 ml contained 100 mM sodium phosphate buffer (pH 7.4), 3 mM NADH, 15 nmol of dihydroceramide and 0.1 nmol of [ 3 H]dihydroceramide (specifi c radioactivity 1.36 Ci/ mmol), and 600-1,200 g of total cell protein. The substrate solubilizations were performed using CHAPS and BSA systems ( 20 ) . After 60-120 min, the reactions were terminated and lipids were extracted by phase partitioning as previously described ( 20 ) . Radioactive ceramide and dihydroceramide were detected Cer). A stock solution for each internal standard in ammonium acetate 5 mM in methanol was quantitatively prepared (50 M) and stored at Ϫ 20°C. Serial dilutions were prepared from these stock solutions and utilized for calibration curves.
Enzyme assays
3-Ketosphinganine synthase activity was performed as described previously ( 18 ) . The fi nal reaction volume of 0.1 ml contained 100 mM HEPES (pH 8. MS1 spectrum, the MS2 spectrum derived from the acetate-adduct ion at m/z 706, and the MS3 spectrum derived from the molecular ion at m/z 646. In MS2 analysis, collision activation of this [M + CH3COO] adduct ion yielded essentially the deprotonated molecular ion, and its fragmentation yielded many abundant product ions, each containing salient structural information. In MS3 analysis, the collision induced dissociation (CID) pattern of deprotonated ceramide ions was constituted by fragment ions that can be classifi ed into three groups: 1) fragments formed by loss of small neutrals, 2) fragments referring to the long chain base structure, and 3) fragments referring to the acyl structure. This pattern is consistent with the possible pathway proposed by others authors ( 31, 32 ) . The conclusion is that the ion at 706 corresponds to both d 18:1/24:1 and d 18:2/24:0 that were not separated by HPLC connected to the MS. B: Characterization of the ion at 761 corresponding to SM( d 18:1/16:0) or SM( d 18:0/16:1). MS1 spectrum of sphingomyelin, in the negative ion mode, was dominated by molecular ion adduct with acetate. MS2 spectrum derived from the acetate-adduct ion at m/z 761 gave a product ion due to loss of acetate and methyl group of phosphocoline headgroup. MS3 spectrum derived from the [M-CH 4 ] ion at m/z 687 gave a product ion due to loss of fatty acid moiety. These product ions are characteristic of the sphingoid base, and their m/z reveals the number of carbon atoms in the chain, degree of hydroxylation, unsaturation, or other structural modifi cations of the base. The conclusion is that the analyzed ion correspond to SM( d 18:1/16:0). 
RESULTS AND DISCUSSION
In this paper, we report on the sphingolipid composition of the A2780 human ovarian carcinoma cell line under basal conditions or upon treatment with two synthetic retinoids, 4-HPR and 4-oxo-4-HPR ( 24, 25 ) , potentially useful as therapeutic agents in a variety of tumors. Our sphingolipidomic analysis encompassed dihydroceramide and ceramide species as well sphingomyelin and glycosphingolipid (gangliosides and LacCer) species.
Like many other antitumor drugs, 4-HPR exerts its cytotoxic action at least in part through an apoptotic mechanism, which was reported to be triggered by the drug-elicited increase in the levels of the pro-apoptotic sphingolipid ceramide ( 4 ). It was proposed that the main mechanism responsible for ceramide generation upon treatment with 4-HPR was represented by the de novo biosynthesis ( 5, 6, 25 ) . Indeed, 4-HPR was shown to activate serine palmitoyltansferase and dihydroceramide synthase, which catalyze the early steps in the biosynthesis of ceramide ( 5 ); in addition, it has been shown more recently that 4-HPR stimulation of ceramide de novo biosynthesis is accompanied by the concomitant inhibition of dihydroceramide desatuby TLC separation. Dihydroceramide synthase activity was performed as described previously ( 21 ) . The fi nal reaction volume of 0.1 ml contained 50 mM HEPES (pH 7.5), 0.5 mM dithiothreitol, 5 M sphingosine, 0.1 M of [1- 3 H]sphingosine (specifi c radioactivity 1.36 Ci/mmol) contained in 1 l of ethanol, and 400-800 g of total cell proteins. As acyl-CoA substrate, we used 25 M of palmitoyl-CoA, stearoyl-CoA, and lignoceroyl-CoA; in the case of lignoceroyl-CoA , 0.1% of digitonin was added ( 22 ) . After 15-30 min, the reactions were terminated and lipids were extracted by the addition of chloroform/methanol (2:1 by volume). Radioactive ceramide and sphingosine were detected by TLC separation. For all the procedures, radioactive lipid detection was performed by digital autoradiography analysis (Betaimager Biospace,). Thus, the product formed was calculated on the basis of the TLC radioactivity percent distribution (analysis was performed by Betavision software). There were three sets of experiments, each one performed in triplicate.
Other analytical methods
The protein content was determined on cell homogenates according to Lowry ( 23 ) using BSA as reference standard. Experiments were run in triplicate unless otherwise stated. Data are expressed as mean value ± SD and were analyzed by one-way ANOVA followed by the Student-Neuman-Keuls' test. P -values are indicated in the legend of each fi gure. In this work, we used MS to determine the complex sphingolipid species pattern of control and drug-treated A2780 cells. We analyzed dihydroceramide, ceramide, sphingomyelin, lactosylceramide, GM2 ganglioside, and GM3 ganglioside species, which together cover the majority of complex lipids. Examples of mass spectra are reported in Figs. 1-3 and data on the pattern of each sphingolipid family are reported in Figs. 4-8 . The molecular species differing in the lipid moiety of Cer (here and elsewhere, Cer is used to identifi ed all the ceramide and dihydroceramide species), SM, LacCer, and gangliosides were characterized by identifi cation of the ions obtained rase ( 7, 11 ) , thus resulting in the accumulation of dihydroceramide, rather than ceramide, as confi rmed by MS analysis of sphingolipids from 4-HPR-treated tumor cells of different origin ( 7, 12, 26, 27 ) . We analyzed the activity of serine palmitoyltansferase, ceramide synthase, and dihydroceramide desaturase, and in agreement with the previous information ( 5, 7, 11 ), we found that under our experimental conditions 4-HPR treatment activated serine palmitoyltansferase 81 ± 13%, activated ceramide synthase 40 ± 9% and 48 ± 9%, using C16 and C24 fatty acids, respectively, while it inhibited dihydroceramide deasaturase 85 ± 8%.
This represents a clear example of the importance of sphingolipidomics in elucidating the exact role of specifi c (+60% vs. controls). This is in agreement with the previous information suggesting that 4-oxo-4-HPR is able, as 4-HPR, to stimulate the de novo synthesis of Cer ( 25 ) . However, the relative potency of 4-HPR and 4-oxo-4-HPR on serine palmitoyltansferase/ceramide synthase is likely different, given the different response elicited in term of sphingolipid species by the two drugs. This is in part confi rmed by the enzymatic results. 4-Oxo-4-HPR treatment activated serine palmitoyltansferase 79 ± 14%, a value overlapping that determined with 4-HPR, while activating ceramide synthase 20 ± 6% and 33 ± 9%, using C16 and C24 fatty acids, respectively, against 40 ± 9% and 48 ± 9% using 4-HPR. This is as highlighted by the results presented in Fig. 4 . Cer production upon treatment with 4-HPR and 4-oxo-4-HPR was selective for different molecular species, not only on the basis of their sphingosine/sphinganine content, but also on the basis of the fatty acid content, with respect to the fatty acyl chain length and the presence of unsaturations . Basically, all dihydroceramide species were increased upon treatment with 4-HPR and 4-oxo-4-HPR; however, the contribution of different molecular species to the total increase was dramatically different within the same treatment and between the two drugs. ( Table 3 ). It can be speculated that these differences could originate from a different availability of fatty acyl-CoA substrated for dihydroceramide synthesis (but no evidence so far can support this hypothesis) or from a different effect of on different Cer synthases. Six different genes for Cer synthases are curby MS1, MS2, and MS3. Quantitative data referred to different quantities of synthetic sphingolipids containing d 18:1 sphingosine and 17:0 fatty acid added to the samples as reference standards. A linear correlation between a series of solutions of these compounds and the ion peak intensities was obtained by multiple reactions monitoring analysis, as shown in a previous report ( 28 ) .
In agreement with previous results, analysis of Cer from control and 4-HPR-treated A2780 cells revealed that treatment with 10 M 4-HPR for 48 h was able to induce a 4.7-fold increase in total Cer level ( Table 1 ) ; this was mainly due to an increase of dihydroceramide species ( Fig. 4 ) . Dihydroceramide species were present in a faint amount in control cells, while they accounted for 2.89 nmol/mg protein of the 3.46 nmol/mg protein of Cer in 4-HPRtreated cells ( Table 2 ). This corresponded to about a 40-fold increase of dihydroceramides in 4-HPR-treated cells versus controls. The d 18:1 ceramide level was substantially unchanged (539 pmol/mg protein and 545 pmol/mg protein in control and 4-HPR-treated cells, respectively) ( Table 2 ), and d 18:2 ceramide species were present as minor components in both control and treated cells.
4-Oxo-4-HPR, a recently identifi ed metabolite of 4-HPR ( 16 ), showed a similar but not identical effect on Cer content in A2780 cells. It caused a marked increase in dihydroceramide, even if less pronounced with respect to 4-HPR (25-fold vs. control cells). Our enzymatic studies support the notion that 4-oxo-4-HPR is an effective inhibitor of dihydroceramide desaturase, as 4-HPR. 4-Oxo-4-HPR inhibited dihydroceramide dehydrogenase 82 ± 15%, and this supports and explains the high increase of dihydroceramide with respect of ceramide. On the other hand, treatment with 4-oxo-4-HPR was also able to induce a small but signifi cant increase in the level of d 18:1 ceramides species in untreated cells was that with d 18:1/16:0 ceramide for both GM3 and GM2. Gangliosides containing sphinganine were detectable as minor compounds. Treatment with 4-HPR and, less pronouncedly, with 4-oxo-4-HPR, caused a signifi cant increase of the species with sphinganine. However, the species with sphingosine also remained the most abundant in drug-treated cells ( Fig. 6 ). Together, our data on sphingolipidomics of A2780 cells under basal conditions or upon treatment with 4-HPR or 4-oxo-4-HPR allow some comments. Treatment with both retinoids led to an increase in dihydroceramides with changes in Cer total cell content; the fatty acid profi le of Cer was different in cells treated with 4-HPR or 4-oxo-4-HPR and controls, suggesting that the two drugs differentially affect the pathway leading to Cer generation. This fi nding could explain the different sensitivity of various tumor cell lines to the two drugs ( 24 ) and could contribute to defi ne strategies allowing to overcome the resistance to 4-HPR treatment. The elevation in dihydroceramides rather than ceramides is in agreement with data obtained in breast and colon carcinoma and leukemia cells ( 12 ) . Because dihydroceramides are usually not considered proapoptotic mediators but have been involved as possible triggers for autophagic cell death ( 7 ), these data might indicate that the mechanism of 4-HPR-induced cell death is even more complex than thought. De novo synthesized dihydroceramides are further used for the synthesis of rently known, and each enzyme is characterized by a substrate selectivity for fatty acyl-CoA with different chain lengths ( 7, 29 ) . It should be noted that in many cases the enzyme selectivity assignments are still tentative, and no information is available for selectivity toward fatty acyl-CoA with different degrees of desaturation. On the basis of the current knowledge, it is tempting to speculate that 4-HPR is a relatively more potent activator of CerS-5/6, the main one responsible for the synthesis of C16-containing dihydroceramides, and 4-oxo-4-HPR more effectively affect CerS-2/3, selective for C24 fatty acyl-CoA.
Because Cer is the backbone for the synthesis of more complex sphingolipids, not surprisingly, the extensive remodeling of Cer species that occurred in A2780 cells upon treatment with 4-HPR and 4-oxo-4-HPR had profound consequences on the patterns of sphingomyelin and glycosphingolipid species.
In the case of sphingomyelin ( Fig. 5 ) , the main molecular species in untreated cells were those with d 18:1/16:0 and d 18:1/24:1 (61% and 18% of total SM, respectively). The corresponding species containing dihydroceramide were absent or present as minor compounds. Drug treatment did not signifi cantly affect total SM levels ( Table 1 ) . However, upon treatment with 4-HPR and, to a lesser extent with 4-oxo-4-HPR, species with ceramide dramatically decreased while those species with dihydroceramide proportionally increased ( Fig. 5 ) , without a consistent remodeling of the fatty acid composition (even if the C16/C24 ratio was slightly higher in SM from 4-HPR-treted cells, 4.5 vs. 3.0 in controls). Thus, the SM species with 16:0 containing dihydroceramide became the main species of 4-HPRtreated cells (42.5% on total species).
GM3 and GM2 are the main gangliosides in A2780 cells. Figure 6 shows that in the case of gangliosides, the main complex dihydrosphingolipids, including dihydrosphingomyelin, dihydrogangliosides, and dihydrolactosylceramide, usually present in cells (including A2780) in a faint amount. Increase in dihydrosphingolipids occurred at different degrees for the different sphingolipid classes and for the two drugs, but was dramatic. Drug treatments produced changes in the content of each sphingolipid family but no large changes in the total cell sphingolipid content; this suggests that the total quantity of biosynthesized Cer necessary to have cell Cer species and Cer as precursor of the cell complex sphingolipids does not change too much but that the different Cer structures containing sphingosine or sphinganine and a fatty acid displaying different length and degree of unsaturation are capable to address the following biosynthetic pathway determining the synthesis of a specifi c group of complex sphingolipids, sphingomyelin, gangliosides, or neutral glycolipids.
Given these results, it is reasonable to wonder whether the anomalously high levels of dihydrosphingolipids, about 58.8% and 31.9% on the total (see Fig. 8 ) after 4-HPR and 4-oxo-4-HPR treatment, respectively, might somehow contribute to the drug effect. It can be easily predicted, for instance, that vesicular sphingolipid intracellular traffi c and the lateral organization of sphingolipids in lipid rafts (thought to regulate several aspects of cell function, including pathways infl uencing cell proliferation and survival) ( 30 ) will be deeply altered in retinoid-treated A2780 cells.
These results are a clear example of the new perspectives that can be opened in an even intensely explored fi eld by the structure-specifi c and quantitative information obtained through a sphingolipidomic approach. 
